A bnormal gait patterns such as antalgic gait, 1 short-limb gait, 2, 3 Trendelenburg gait, 4, 5 and Duchenne gait 5 in patients with Perthes disease were previously described. These gait disturbances are common, and their causes are easily understandable. However, the literature is scanty with theories concerning the causes of abnormal gait in the transverse plane, that is, out-toeing or in-toeing, which may be developed in some patients who presented late without previous treatment or failed in the containment treatment. 6Y9 In a 3-dimensional computed tomography (3D-CT) study, Kim and Wenger 6 postulated that functional retroversion caused by the anterolateral Bfalse head[ can lead to external rotation deformity of the distal limb and subsequent out-toeing gait. Snow et al 8 reported 2 cases of externally contracted hips in 4 patients with Perthes disease who showed anterior impingement. Yoo et al 9 also observed 2 conspicuous out-toeing patients and 1 intoeing patient out of 21 patients who underwent valgus femoral osteotomy for hinge abduction. In that report, it was hypothesized that hinge abduction is a complex manifestation of the hinge movement occurring in the continuum between lateral and anterior impingement, and the authors postulated that out-toeing and in-toeing are closely related to the spatial features of the Bhump[ on the femoral head, which causes hinge abduction. The purpose of this study is to corroborate the hypothesis by analyzing the correlation between the femoral head deformity and the abnormal gait pattern in the transverse plane.
METHODS
The present study was performed with the approval of our institutional review board. Between 1998 and 2006, we prospectively performed 3D-CT of the hip along with 3D gait analysis in 9 patients (7 boys and 2 girls) with late-presenting unilateral Perthes disease, suggestive of hinge abduction ( Table 1 ). The presenting symptoms in all patients were pain, limitation of hip motion, and abnormal gait. They all presented with conspicuous out-toeing gait (n = 5) and in-toeing gait (n = 4), having more than 10-degree differences in foot progression angle from the contralateral normal side. Those abnormal out-toeing and in-toeing gaits allegedly occurred during the disease process. Those patients who showed only minor difference in foot progression angle, although a diagnosis of femoroacetabular impingement (FAI) was suspected, were not subjected to 3D morphometric analysis and gait laboratory study. All patients had normal-looking foot and thigh-foot angle in both lower limbs. The mean age of the patients at the time of the analysis was 11.0 years (range, 7.0Y15.3 years). All hips were classified as Catterall 10 group III (2 hips) or IV (7 hips), and as Herring et al 11 lateral pillar C (8 hips) or B/C border (1 hip) during the fragmentation stage, suggestive of hinge abduction. They were in the reossification (7 hips, cases 2Y4 and 6Y9) or residual (2 hips, cases 1 and 5) stages. The Stulberg et al 12 classes were group IV in 8 hips and group III in the remaining one. Five patients (cases 1, 2, and 5Y7) had been treated by nonoperative containment methods either by abduction bracing or casting, 1 patient (case 3) by Salter innominate osteotomy, and the remaining 3 patients (cases 4, 8, and 9) with observation alone. Seven patients (cases 1, 3, and 5Y9) underwent valgus femoral osteotomy with sagittal and rotational components. Shelf operation was performed for 2 patients (cases 2 and 4) who showed further subluxation of the femoral head on adduction during intraoperative dynamic arthrographic examination.
Imaging Techniques and Assessment
Plain anteroposterior radiographs with the hip in neutral, abduction, adduction, and frog-leg lateral position, in addition to a false profile view, were taken. We assessed the hump on the femoral head and its relevance to out-toeing and in-toeing gaits. The 3D-CT was performed using an MX8000 4-detector-row spiral CT scanner (Marconi Medical Systems, Cleveland, Ohio) at 120 to 140 kVp and 120 to 150 mA in 7 hips and a CT HiSpeed Advantage scanner (GE Medical Systems, Milwaukee, Wis) at 120 kVp and 200 mA in 2 hips. The 3D-CT images were reconstructed with a slice of 3 mm at increments of 2 mm by the 3-dimensional analysis package. We used a multidirectional image postprocessing software (Vworks, Cybermed, Seoul, Korea), which allows rotation and truncation of a given 3D image and converts the 3D-CT image into 2D-CT cut image in any wanted plane, to determine spatial features (location, size, and shape) of the hump. With this software, rotation of the proximal femur relative to the acetabulum could be easily determined as compared with the contralateral normal side. The hump size was defined as a percentage to the diameter of the contralateral femoral head; the length difference between the principal axis of the affected femoral head and that of the contralateral femoral head was divided by the diameter of the contralateral femoral head, and then multiplied by 100. Magnetic resonance imaging study was carried out on 6 hips in the reossification stage to evaluate the deformity of the cartilaginous femoral head.
Instrumented Gait Analysis
Three-dimensional gait analysis using the VICON system (Oxford Metrics, Oxford, England) was performed after checking the static range of hip motion. Various kinematic parameters were evaluated to analyze the difference in the impinging pattern of the hip joint between the 2 opposite groups of patients: foot progression angle, hip rotation, and pelvis rotation in the transverse plane; hip flexion and extension in the sagittal plane; hip adduction, abduction, and pelvic obliquity in the coronal plane.
RESULTS

3D-CT Findings
Top view of 3D-CT images after partial removal of the pelvic bone clearly showed the femoral head deformity and rotation of the hip joint ( Figs. 1 and 2). The cross-sectional shape of the femoral head in the transverse plane was ovoid because of the protruded hump on the femoral head. The overall size of the humps was 25% in average, ranging from 14% to 42%. In all out-toeing patients, the affected hips were externally rotated relative to the unaffected side and the principal axis of the ovoid femoral head including the hump directed toward the anterolateral part of the hip joint (Fig. 1E ). This configuration implied that the main hump (mean size, 31%) was located relatively anteriorly on the femoral head, which could be better demonstrated when the affected hip was internally rotated to the same position as the unaffected side (Fig. 1F) . In contrast, in all in-toeing patients, the affected hips were internally rotated as compared with the unaffected side. The principal axis of the ovoid femoral head including the hump was also directed toward the anterolateral part of the hip joint, as observed in the out-toeing patients ( Fig. 2D ). This suggested that the hump (mean size, 19%) was located relatively laterally, which could be better demonstrated when the affected hip was externally rotated to the same position as the unaffected side (Fig. 2E) . The cartilaginous deformity of the femoral heads that were evaluated by magnetic resonance imaging (6 hips) was comparable to the bony deformity assessed by the 3D-CT images.
Gait Laboratory Observations
Gait laboratory data, summarized in Table 2 , confirmed abnormal gait patterns in out-toeing as well as in-toeing patients ( Figs. 1 and 2) . In all out-toeing patients, affected hips were externally rotated almost all throughout the gait cycle, whereas the pelvis rotated internally (Fig. 1G) . At the Three patients (cases 3Y5) had decreased hip extension as well. Physical examination revealed that the lower limbs of the affected side were abducted and externally rotated during an attempted full flexion motion in all out-toeing patients, and two of them (cases 1 and 2) showed decreased maximal hip flexion in abducted externally rotated position by 40 degrees and 20 degrees each as compared with the unaffected side. In the coronal plane, no constant data could be found in terms of hip adduction and pelvic obliquity in the gait analysis. Static measurement of hip motion in the coronal plane showed that hip adduction was not limited in all out-toeing patients, but abduction was decreased in 3 patients (cases 2Y4) by a mean of 18 degrees (range, 15Y20 degrees) as compared with the unaffected side. In all in-toeing patients, affected hips showed persistently increased internal rotation and pelvic external rotation during gait (Fig. 2F) . At the midstance phase, internal rotation of the affected hips increased by a mean of 14 degrees (range, 3Y22 degrees) and pelvic external rotation by a mean of 8 degrees (range, 5Y14 degrees) as compared with the unaffected side. Static measurement of hip rotation revealed that external hip rotation of all in-toeing patients decreased markedly by a mean of 53 degrees (range, 35Y60 degrees) as compared with the unaffected side, whereas internal hip rotation was decreased by a mean of 13 degrees (range, 10Y15 degrees) in 3 patients (cases 6Y8). In the sagittal plane, hip extension was decreased during gait in 3 patients (cases 7Y9): maximal hip extension decreased by a mean of 21 degrees (range, 18Y25 degrees) as compared with the unaffected side. The remaining 1 patient (case 6) showed no difference of the hip motion in the sagittal plane compared with the unaffected side. On physical examination, abnormal thigh movement during the attempted hip flexion motion that was observed in out-toeing patients did not occur in in-toeing patients. In the coronal plane, all affected hips in in-toeing patients showed increased downward pelvic obliquity. Considering the amount of pelvic obliquity (averaging 13 degrees at the midstance phase), the affected hips showed marked adduction tendency during gait, despite that the actual adduction was not increased. Static measurement of hip motion in the coronal plane showed that hip adduction motion was not limited, whereas abduction was decreased in all in-toeing patients by a mean of 19 degrees (range, 15Y25 degrees) as compared with the unaffected side.
DISCUSSION
Abnormal gait in the transverse plane, especially intoeing gait, is rarely observed in patients with Perthes disease. We could recruit only 9 patients that had both 3D-CT study and gait analysis for the last 9 years in our institute, although patients who showed only minor difference in foot progression angle, mainly out-toeing patients, were not subjected to 3D morphometric analysis and gait laboratory study. Despite the small number of patients, to our knowledge, this is the first report that studies the role of femoral hump on the out-toeing and in-toeing gait in Perthes disease patients with hinge abduction. Our results suggest that out-toeing and in-toeing are primarily influenced by the spatial features of the hump on the femoral head. Differing size and location of the hump seem to determine various abnormal hinge movements caused by FAI during gait. Compensatory rotation of the proximal femur accordingly occurs to avoid the impingement, with resultant out-toeing and in-toeing gaits. For example, if the hump is at the anterolateral head and its size is small, impingement may not occur and the foot progression angle does not change. But when the hump is located far anteriorly (anteriorly deviated) or laterally (laterally deviated) and the size is large enough, compensatory rotation of the femoral head in the transverse plane may occur to avoid FAI during gait. Considering that the deformation of the femoral head probably occurs partly by disturbed growth and partly by viscous flow of the softened material of the head in the anterolateral direction, 13 most of the hump or false head would be formed at the anterolateral aspect of the original head. When a large hump is formed relatively anteriorly, the hump inevitably impinges against the anterior acetabular rim during an attempted full flexion. As a compensatory mechanism to avoid impingement, either the proximal femur would externally rotate or the pelvis would internally rotate, or both, to move the protruded hump to the relatively deficient anterolateral part of the hip joint. When the main hump formation is deviated to the lateral part of the femoral head, lateral impingement may occur during gait. Hip may adduct and rotate internally to move the hump to the anterolateral aspect of the hip joint. In a situation when downward pelvic obliquity increases during stance phase, which may be related to leg length shortening, compensatory intoeing may occur even when the size of the hump is not large (cases 7 and 8). In fact, all 4 in-toeing patients had a mild leg length shortening, averaging 8 mm (range, 6Y11 mm), on the affected limb. In addition, marked limitation of hip extension during stance phase (cases 7Y9) with a resultant apparent leg length shortening might aggravate downward pelvic obliquity. It was, however, interesting to notice that downward pelvic obliquity did not occur in out-toeing patients, although 3 of the out-toeing patients (cases 3Y5) had a mild shortening (9, 6, and 15 mm each) on the affected limb. In this study, gait study data revealed that hip motion in the sagittal plane did not show constant findings, except limited flexion in all patients who showed out-toeing with an anteriorly deviated hump. This may be related to the remaining impingement after the compensatory movement of the femoral head to avoid impingement, but further study with a larger number of patients will be necessary to establish more appropriate explanations.
The question arises why the most protruded hump tends to direct to the anterolateral part of the hip joint. It lies in the fact that the anterolateral area of the hip joint is relatively deficient and has room for the protruded hump. The unique anatomical orientation of the hip joint with anteverted acetabulum and femoral neck leaves the anterolateral part of the femoral head mostly uncovered in the neutral weightbearing position. A kinematic gait analysis study 14 showed that this anterolateral part of the femoral head is not contained in the acetabulum during normal level walking. A 3D-CT study 15 revealed that the acetabular coverage of the femoral head was smaller at the midpoint of the acetabular rim, which covers the anterolateral part of the femoral head, than at the anterior or posterior rims. Therefore, it is conceivable to postulate that this relatively deficient area of the hip joint gives room for the hump.
This study strongly suggests that the pattern of abnormal hinge movement can vary according to the size, location, and configuration of the impinging hump. Hence, 3D understanding of hinge movement is important in planning the surgical method. In the decision-making process, preoperative evaluation of the femoral head deformity with 3D-CT and its dynamic impinging pattern during gait with 3D-gait analysis is helpful. Nonetheless, intraoperative dynamic arthrography is essential to confirm the cartilaginous femoral head deformity and optimal congruity of the hip. Optimal congruity of the hip joint should be the primary goal of treatment in the advanced stage of Legg-Calvé-Perthes Disease, which could be obtained in the compensatory position of the lower extremity in most patients. With this systematic evaluation, we usually do femoral valgus osteotomy combined with rotational and sagittal components. 9 We think that osteochondroplasty of the femoral head can be combined, if indicated.
In conclusion, 3D-CT and instrumented gait analysis were helpful in analyzing the abnormal gait patterns in the transverse plane in late-presenting Perthes disease with hinge abduction. Although the total number of patients was small, the concept could be definable that the out-toeing and intoeing gaits are apparently caused by compensatory rotation of the proximal femur in an attempt to avoid impingement by placing the hump to the relatively deficient anterolateral aspect of the hip joint.
